Recently, combined serological and molecular studies ofautoantibodies have revealed that these antibodies play an important role in the normal function of the immune system and in the development of the B cell repertoire. Accordingly, we hypothesized that a homozygous deletion of a critical autoantibody-associated Ig variable (V) gene may alter the immune system and thus predispose the host to autoimmune disorders. Initial experiments revealed several restriction fragment length polymorphisms (RFLP) of the Humhv3005 gene, that is likely to encode heavy chains of rheumatoid factors, and the closely related 1.9111 gene. By probing EcoRl-digested DNA with the Humhv3005/P1 probe, we found that one of the four major hybridizing bands was missing in -20% of patients with either rheumatoid arthritis or systemic lupus erythematosus, but only 2% of normal subjects. To delineate the genetic basis of this polymorphism, we have now employed the PCR to amplify and analyze hv3005, 1.9III, and homologous genes in individuals with characteristic RFLP genotypes. Our results indicate that the human Vh gene repertoire contains several hv3005-and 1.9II-like genes, and that a complete deletion of the hv3005-like genes is relatively restricted to a subset of autoimmune patients. These findings provide initial evidence for deletion of developmentally regulated autoreactive V genes in autoimmune diseases. (J. Clin. Invest. 1991.88:193-203.)
Introduction
Autoantibodies of given specificities are often associated with different human autoimmune diseases and may contribute in some instances toward the induction and/or severity of tissue damage (1, 2) . Paradoxically, recent studies in humans and mice revealed that several autoantibodies were found regularly in apparently healthy individuals and were encoded directly by Address correspondence and reprint requests to Dr. Tsaiwei Olee, Department of Medicine-0945, University of California, San Diego, La Jolla, CA 92093-0945.
Receivedfor publication 2 April 1990 and in revisedform 16 January 1991. germline Ig variable region (V)1 genes with no somatic mutation (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) . In addition, serological analyses of newborn mice showed a high frequency of autoreactive B cells, whose expressed autoantibodies often shared cross-reactive idiotypes (CRIs) (17) (18) (19) . Further, molecular analyses of the neonatal antibody repertoire in humans and mice indicated that a restricted set of Vh genes were expressed preferentially, and that such early expressed Vh genes frequently encoded idiotypically related autoantibodies (8, 10, 13, (20) (21) (22) (23) (24) (25) (26) (27) (28) (29) (30) . Combined, these findings suggested that autoantibodies may serve some important physiological functions of the immune system, by augmenting the opsonization of infectious agents, and the clearance ofimmune complexes and senile cells (reviewed in references 4, 6, 7, 29 and 31) . It was also postulated that the developmentally regulated autoantibodies might interact with each other to exert long term regulatory effects on the expressed antibody repertoire (5, 32, 33) . In this context, it is conceivable that a homozygous deletion of an important autoreactive V gene may lead to an aberrant antibody and B cell repertoire, and thereby predispose to the induction and/or continuation of "inherited" autoimmune diseases.
To examine this possibility, we reasoned that the autoreactive V gene expressed most frequently in a fetal liver might be most important in the development of the humoral immune system. Accordingly, we searched for and isolated a putative germline gene counterpart to the 56P1 sequence, the Vh gene expressed most frequently in a 130-d fetal liver (34) . This germline gene, designated Humhv3005, encodes an amino acid sequence identical to the 56P1 sequence, and to the heavy chain ofa B6 CRI positive rheumatoid factor (RF), except for a single amino acid difference (27, 28, (34) (35) (36) . In addition, the hv3005 gene is 99% homologous to the 1.9111 germline Vh gene, which in turn is identical to the heavy chain of the kim4.6 anti-DNA antibody (11, 37) . Subsequently, Southern analysis of EcoRldigested DNA with the Humhv3005/Pl probe revealed four hybridizing bands. Remarkably, among these, one band of 9.4 kb in size was absent in -20% ofpatients with RA or SLE, but was missing in only 2% of normal individuals (38) . By chisquare analyses, the 9.4-kb-band deletion was significant for patients with RA or SLE (X2 = 7.62, P < 0.01). To delineate the molecular basis of this disease-linked deletion, we have now employed the PCR to amplify specifically the hv3005-like genes, and analyzed these genes in selected individuals (39).
We found that eight of nine subjects lacking the 9.4-kb band had only the 1.9III-like genes, but no hv3005-like genes. Taken together with the previous RFLP data, these findings provide preliminary evidence for deletion ofdevelopmentally regulated autoreactive V genes in autoimmune diseases.
Methods
Genomic DNA and Southern blot analyses. Genomic DNAs were prepared from peripheral blood leukocytes of selected individuals who displayed representative RFLP profiles as defined by either the Humhv3005/E 1.6 or the Humhv3005/Pl probes (38, 40) . Previously, we had suggested that BamHl digestion ofDNA with the hv3005/El.6 probe could separate the 1.911I and the Humhv3005 Vh gene loci into respective bands of6 and 5.2 kb (40) . Accordingly, an individual with a strong 6-kb band and a weak 5.2-kb band was postulated to have two copies of the 6-kb/1.9111 region and one copy of the 5.2-kb/hv3005 region per diploid genome, denoted by the (6, 6, 5, 0) genotype. On the other hand, when EcoRl-digested DNA was analyzed with the Humhv3005/P I probe, there were four major hybridizing bands, of 16, 10, 9.4, and 5.2 kb in size (38) .
For Southern blot analyses with the Humhv3005/Pl probe, each genomic DNA sample was digested separately with the EcoRl restriction enzyme, and the lysates were loaded into wells of an agarose gel. After electrophoresis and transfer of DNA to nitrocellulose, the blots were hybridized with hv3005/P1, a 466 bp Pstl fragment located about 1 kb upstream ofthe Humhv3005 gene (38) . Hybridizations were done in 5X SSC (lX SSC = 0.15 M NaCl/0.01 5 M sodium citrate, pH 7.0) at 65°C, followed by washing twice in 0.1X SSC at 65°C.
Oligomers. Three primers were prepared for the PCR-based amplification of the Humhv3005 and closely related Vh genes. They were hv3005Uls (U and s stand for the upstream region and the sense strand), hv3005Dlc (D and c indicate the downstream region and the complementary strand, respectively), and hv3005D2c, corresponding, respectively, to nucleotide positions from -135 to -116, from 339 to 320, and from 488 to 467 (the first two are underlined in Fig. 1 ). A Sall site was added to the 5' end of hv3005Uls, while a BamHl site was added to the 5' end of each downstream primer.
In addition, we prepared nine oligomers specific for hv3005, 1.9III, 56P1, and p6 (see Results). Fig. 1 ). Accordingly, a 5'-end primer corresponding to this stretch was prepared and designated as hv3005U Is. By a similar procedure, we prepared two 3'-end primers (designated hv3005Dlc and hv3005D2c) that were complementary, respectively, to nucleotide positions from 339 to 320 (underlined in Fig. 1 ) and from 488 to 467. In our first trial, we used the hv3005Uls and hv3005Dlc as primers to amplify genomic DNA from an individual (Fer) with the (0, 0, 5, 5) hv3005/E 1.6-defined genotype (see Methods) (40) . After 30 cycles of PCR, the amplified DNA was shown to contain one major band ofthe expected size that also hybridized with the hv3005C2s oligomer (data not shown). This oligomer is the same as the reported H61 oligomer, which had been shown to hybridize with only one to two major bands in Taq 1-digested DNA, indicating that the oligomer is specific for hv3005-and 1.9III-like genes (48).
The amplified DNA was then subcloned into M13mp8, and the recombinant phages were screened with hv3005C2s. Among 85 recombinant (colorless) M13, 78 (92%) were positive, indicating that the amplification of hv3005-and 1.91II-like genes was highly specific. Subsequently, the Ml 3 filters were reprobed with the hv3005Cls oligomer; it centers upon a two-base difference between hv3005 and 1.9III genes in the first CDR. This oligomer is the same as the reported H 138 oligomer, that had been shown to hybridize more strongly to one of the two hv3005C2s hybridizing bands in Taq 1-digested DNA, indicating that it can discriminate between the hv3005- 
-. Fer Figure 1 . Nucleotide sequences of hv3005-and 1.9111-like genes in two selected individuals; fl-f7 and pl-p9 denoted the sequences of M13 clones derived, respectively, from Fer and Pla, whereas Fer denoted the result ofdirect sequencing ofthe amplified Fer DNA. The sequences of the hv3005 and the 1.91II genes, and the 56PI cDNA sequence are included for comparison. The complete nucleotide and amino acid sequences of Humhv3005 are given, while other sequences are given only at the positions where they differ from the hv3005 sequence. All sequences were first aligned for maximum homology, the nucleotides identical to hv3005 are indicated by bars while the introduced gaps are marked by dots, which also indicate the unsequenced region in 56PI. The CDRs, the conserved nucleotide sequences for splicing and rearrangement, and three PCR primers are marked.
and the 1.9111-like genes (48) . Of 85 recombinant Ml 3 phages, 80 were positive with hv3005C Is, including all 78 hv3005C2s' ones. Both CIs+C2s-clones (designated fl and f2) and five double positive clones (designated 13 to f7) were sequenced. The sequences of 13 to f6 were identical to each other, and differed by only one base from hv3005 at nucleotide position 135 (Fig. 1) . Importantly, this single base difference between hv3005 and the PCR amplified 13-f6 insured that the latter sequences were not amplified from a contaminating hv3005 gene, but rather represented a new Vh3 gene, designated Humhv3005f3. The £7 sequence deviated from hv3005f3 by only one base at nucleotide position 205, which was likely an artifact due to infidelity of the Taq polymerase. The fl and f2 sequences of two C2s-clones were quite interesting; they differed significantly from both hv3005 and 1.911I sequences, yet were identical to each other over a stretch of 300 bp, from nucleotide positions 2 to 301 (Fig. 1) . However, f2 was also identical to f3-f6 from positions -113 to 30. Together, these data suggested that the fl sequence probably represented a new Vh gene, while f2 might be a hybrid molecule with its 5'-end derived from f3 and its 3'-end from fl, produced as a PCR artifact, similar to a previous observation by others (49) . Nevertheless, the combined sequence data of 13-f7 (excluding the fl and the 12 sequences with unknown germline counterparts) indicated that the maximum number of possible PCR errors was 1/2,060 bp (=412 X 5).
In the second trial, we used the DNA from Pla, who had the (6, 6, 0, 0) hv3005/E 1.6-defined genotype (40) . The amplified DNA was subcloned into Ml 3 and the recombinant phages were screened first with 1.9111C Is. The result showed that 531/ 539 clones (99%) were positive. In addition, rescreening with hv3005Cls revealed two of the eight 1.91IICls-were positive, designated p1 and p2. The latter two clones and seven 1.9IIICls' clones (designated p3-p9) were sequenced.
The p3, p4, p7, and p8 sequences were identical to 1.91II (Fig. 1) Regarding the five single base differences between p6 and 1.9111/p3, only the G nucleotide at position 72 was shared with the p2 sequence. However, the sequence data of p3-p5 and p7-p9 (excluding p 1, p2, and p6 with unknown germline counterparts) indicated that the maximum number ofpossible PCR errors in Pla was 2/2,472. Combined with the sequence data of 13-f7, the overall number of possible PCR errors was 3/4,944 or 1/ 1,648. This figure is similar to the error rate of PCR observed by others (50, 51). Accordingly, it is unlikely that most of the five base differences between p6 and p3 were artifacts; rather, the p6 sequence most likely represents a new Vh3 gene. It should be mentioned that the sequences ofp5 and p6 during the initial analyses ofpl to p7 clones led us to characterize two additional clones, p8 and p9. 
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Olee, Yang, Siminovitch, Olsen, Hillson, Wu, Kozin, Carson, and Chen defined genotype. Among them, one normal individual (Bec) lacked the 16-and 10-kb bands; two normals (Har and Sta) and two SLE patients (Baj and Noc) lacked the 10-kb band; one normal (The), four RA patients (Fie, Ola, Rey, and Tay), and four SLE patients (Can, Nov, Rob, and Tol) lacked the 9.4-kb band. The RFLP analyses of these DNA samples, except for Tol, are shown in Fig. 2 ; and the results of direct sequencing analyses ofthe asymmetrically amplified DNA are given in Fig.  3 . As can be seen, the resultant sequences were very complex, and suggested that the human Vh gene repertoire contains a cluster of highly homologous Vh genes that differ from each other by single-base differences at five restricted positions and/ or by two-base differences at two other confined positions. Of these nine characteristic positions, each is comprised of two variable nucleotides. Importantly, eight of nine individuals who lacked the 9.4-kb band (i.e., Can, Fie, Ola, Nov, Rey, Tay, The, and Tol) had only G, C, and T nucleotides at positions 98, 99, and 180, whereas both individuals who lacked the 16-and 10-kb bands (i.e., Fer and Bec) had only C, T, and C nucleotides at the corresponding positions (Figs. 2 and 3) . Individual Rob had strong G and C, with weak C and T (about one-fifth of the G and C intensities). To rule out any artifact due to unknown contamination of the Rob DNA, we repeated the PCR and sequencing with new Rob DNA prepared from freshly drawn blood, and obtained identical results. Collectively, the results showed that most individuals lacking the 9.4-kb band (except for Rob) did not have the hv3005-like genes, but had the 1.9III-like genes only. Conversely, the individuals lacking the 16-and 10-kb bands had only the hv3005-like genes, but not the 1.9III-like genes. Thus, the 9.4-kb band contains the hv3005-like genes, while the 1.9111-like genes reside in both the 16-and the 10-kb bands.
Characterization ofseveral HUMHV3005-and 1.9III-like genes in a selected individual. To assess the complexity of hv3005-and 1.9111-like genes in humans, we subcloned the PCR-amplified DNA from Baj, in whom two legitimate variable nucleotides were present at each of eight selective locations (Fig. 3) . The recombinant phages were screened sequentially with hv3005Cls, 1. Because we wanted to obtain a rapid approximation ofthe complexity of hv3005-and 1.9III-like genes, only one pair of recombinant phage filters were hybridized sequentially with all eight different probes, done (Fig. 4) Among the remaining sequences, b25, b37, b42, b43, and b48 each differed by one unique base from hv3005, and b36 differed by two single bases from hv3005f3/b41. Sequences b26 and b32 differed from hv3O19bl 8 by two and three bases, respectively, and sequences b28 and b30 differed from hv3019b9 by one and two bases, respectively. Most of these differences were not shared with other homologous sequences and probably represented PCR artifacts.
Collectively, the current sequence data indicated that the Baj individual had at least three hv3005-like genes (i.e., hv3005/b1, hv3005f3/b41, and hv3005b54), and three 1.9111-like genes (i.e., hv3019b9, hv3Ol9b1 3, and hv3Ol9b1 8). It was possible that hybrid molecules might be generated during the amplification process, and resulted in the false identification of some new V genes. As discussed earlier, we suspected that f2 could be a hybrid molecule that derived its S'-end from hv3005f3 and its 3'-end from fl (Fig. 1) . However, this mechanism was extremely unlikely to account for any of the new Vh Figure 4 . Baj contains several hv3005-and 1.9111-like genes. The Baj DNA was amplified and subcloned into M 13. The recombinant phages were screened with the designed oligomers specific for hv3005, 1.9111, 56P1, and p6. These included (underlined): p6Fls (from 63 to 82), hv3005Cls, hv3005F2s (from 126 to 145), 56PlC2s (from 159 to 178), p6F3s (from 255 to 274), 1.9IIIF3s (from 284 to 303). The sequences ofhv3005, 56P1, f3, p2, 1.9111, and p6 are included for comparison. The complete nucleotide and amino acid sequences of Humhv3005 are given, while other sequences are given only at the positions where they differ from the hv3005 sequence. All sequences were first aligned for maximum homology, the nucleotides identical to hv3005 are indicated by bars, while the introduced gaps are marked by dots, which also indicate the unsequenced region in 56P1. The CDRs and the conserved nucleotide sequences for splicing and rearrangement are marked. *. *.
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Discussion
A series ofexperiments were performed in an effort to delineate the genetic meaning ofa disease-associated RFLP ofa developmentally regulated autoreactive V gene. First, we established that the hv3005, 1.9111, and closely related genes could be specifically amplified, using carefully designed hv3005-specific primers (identified by extensive sequence comparison) and genomic DNA from individuals selected on the basis of their hv3005/E 1.6-defined RFLP genotypes. Then, we modified the method such that we were able to amplify and sequence directly hv3005-related genes in several selected individuals who had representative hv3005/P I -defined genotypes. Importantly, eight of the nine individuals lacking the 9.4-kb hv3005/Pl hybridizing band in EcoR 1-digested DNA had only the 1.9III-like genes, but not the hv3005-like genes. Taken together with the finding of a nearly restricted deletion of the 9.4-kb band in autoimmune patients, the current data provide preliminary evidence for homozygous deletion of developmentally regulated autoreactive V gene(s) in autoimmune diseases. It should be pointed out that, in addition to overt deletion of some biologically important V genes, a single base mutation in either the regulatory region or the coding region ofa critical V gene might severely affect its expression or function, thereby exerting the same pathophysiological consequence as deletion. Thus, in addition to 20% of patients with RA and SLE who apparently delete the entire hv3005-like genes, it is conceivable that a subset of the remaining autoimmune patients may have either nonfunctional hv3005-like genes due to base changes in a critical regulatory region, or disease-related form(s) of hv3005-like genes with a unique amino acid residue at a certain position. In the latter regard, hv3005 has Arg at position 98, whereas hv3005f3 has Lys, due to a G to A transition. Therefore, it may be important to further analyze the hv3005-like genes in patients and normals, particularly at nucleotide position 293, in order to determine whether one of these two residues is associated with autoimmune diseases.
In addition to defining the homozygous deletion of hv3005-like genes in some autoimmune patients, this study reveals new aspects of the heterogeneity and complexity ofthe human Vh gene locus. As described here, some human diploid genomes have as few as one hv3005-like gene (i.e., hv3005f3 in Fer) or one 1.9111-like gene (i.e., 1.911I in Pla). In contrast, the limited analyses of the amplified DNA from Baj reveal three hv3005-like genes (i.e., bl = hv3005, b41 = hv3005f3, hv3005b54) and three 1.91II-like genes (i.e., hv3Ol9b9, hv3019b1 3, hv3019b18). All five newly identified Vh genes were defined by at least two identical sequences from PCR-amplified DNA, to rule out the possibility of base infidelities created during PCR amplification.
Theoretically, based on a haploid genome size of 3 X 109 bp, 1,ug genomic DNA consists of -1.5 X I05 copies of each unique gene, derived as 6.23 X 1023 X (1 X 1o-6 g)/(330 g x 2 x 3 x 109). In the context ofthe 400 bp length ofthe Vh genes amplified here and an assumed PCR error rate of 1/2,000 bp, one out of every five amplified DNA molecules will have one PCR artifact after the first cycle of amplification. Assuming that PCR errors are random, then only one of every 6,000 first-amplified DNA molecules will contain an identical PCR artifact ( [4 -1] x 400 x 5). Therefore, the probability of sequencing two clones with the identical PCR artifact is extremely small. However, it remains possible that the characteristic nucleotides in the five potential new Vh genes in Baj are nonrandom PCR artifacts generated by unknown mechanisms similar to the reported restricted somatic mutation patterns (52) .
It is noteworthy that, during the course of writing this report, we found that hv3005f3 is identical to the M72 Vh cDNA sequence over a stretch of 291 bp, cloned very recently with a conventional method and reported by Schroeder and Wang (28) . Similarly, hv3019b9 shares an identical stretch of 270 bp with the SA 10 sequence isolated from a fetal liver-derived B cell line ( Fig. 5 (37, 47, 59) . Importantly, both Vh5 and Vh6 genes were found to be expressed preferentially during early ontogenic development (27, 28, 60) . However, the locations of the other developmentally regulated Vh genes (27) , including the most frequently expressed 56P1-corresponding Vh gene, are presently unknown.
To explain the preferential expression of autoreactive V genes during early B cell ontogeny, Coutinho and his colleagues proposed a "network" model (31, 61) . They contended Figure 5 . Summary of seven highly homologous autoreactive V genes and some additional closely related V gene sequences. The complete nucleotide and amino acid sequences ofHumhv3005 are given, while nucleotide sequences of others are given only at the positions where they differ from the hv3005 sequence. All sequences were first aligned for maximum homology, the nucleotides identical to hv3005 are indicated by bars, while the introduced gaps are marked by dots, which also indicate the unsequenced and/or unpublished regions in GL-SJ2 (36) , M72 (28) , and 5A10 (Hillson, J., unpublished data), as well as the intron in 56P1 (27) . The CDRs and the conserved nucleotide sequences for splicing and rearrangement are marked. Three amino acid changes at amino acid positions 33, 52, and 98 are indicated.
that, in the sterile fetal environment, stimulation by autoantigens and/or idiotype-antiidiotype interactions selectively expands the B cells expressing the autoreactive V genes to form an initial functional network. With maturation and exposure to exogenous antigens, the self-reactive B cell pool diminishes in size, comprising only -20% of the adult B cell repertoire and interacting with the 80% of nonautoreactive resting B cells that are not connected to the network. With repeated exposure to conventional nonself antigens, the latter B cells respond, and, through somatic mutation, gene conversion, secondary gene rearrangement/replacement, and other diversification mechanisms, produce classical high affinity antibodies (20, 62, 63) . At the same time, the residual autoreactive B cells interact with each other and with the nonconnected B cells, and thus maintain the homeostasis of the overall B cell repertoire.
In the context of this model, complete deletion of a cluster of developmentally important autoreactive V genes, such as hv3005-like genes, may lead to abnormal B cell development. This, in turn, may alter the humoral immune response to bacterial and/or viral infection, resulting in the overproduction of aberrant antibodies that contribute to the development and/or perpetuation of autoimmune disorders (29) . Alternatively, deletion of hv3005-like genes may confer disease susceptibility through other mechanisms. For example, hv3005 is identical to the recently reported GL-SJ2 Vh gene which apparently encodes the heavy chain of RF-SJ2 (36) . RFs have been shown to enhance ingestion of immune complexes by macrophages and clearance of these complexes, to stabilize weak antigen-antibody interactions, and to protect rats from neonatal Trypanosoma lewisi infection (reviewed in reference 64). In addition, it has been postulated that RFs may serve as the precursors for some antiidiotype antibodies (65, 66) . Accordingly, deletion of hv3005-like genes may affect the regulated production of RFs and thus lead to abnormal immune responses to infectious microorganisms that result in autoimmune disorders. This paradigm is somewhat analogous to the postulate that C4A deficiency may interfere with normal clearance and solubilization of immune complexes and thereby induce SLE in many individuals with homozygous C4A null (reviewed in reference 67). Further studies are warranted to define precisely the underlying mechanisms for complete deletion of hv3005-like genes in autoimmune diseases.
In summary, sequence analyses of hv3005-and 1.9III-like genes in selected individuals show that, in most individuals, the hv3005-like genes reside in the 9.4-kb hv3005/Pl hybridizing band, while 1.9III-like genes reside in both 16-and 10-kb bands. Taken together with the previous RFLP study with hv3005/P 1, these data provide evidence that homozygous deletion of certain autoreactive V gene(s) is associated with, and may predispose to, autoimmune disorders.
